The study investigates chemical modifications of coal fly ash (FA) treated with HCl or NH 4 HCO 3 or NaOH or Na 2 edta, based on the research conducted to examine the behaviour of Cd(II) and Pb(II) ions adsorbed from water solution on treated fly ash. In laboratory tests, the equilibrium and kinetics were examined applying various temperatures (293 -333 K) and pH (2 -11) values. The maximum Cd(II) and Pb(II) ions adsorption capacity obtained at 293 K, pH 9 and mixing time 2 h from the Langmuir model can be grouped in the following order: FA-NaOH > FA-NH 4 HCO 3 > FA > FA-Na 2 edta > FA-HCl. The morphology of fly ash grains was examined via small-angle X-ray scattering (SAXS) and images of scanning electron microscope (SEM). The adsorption kinetics data were well fitted by a pseudo-second-order rate model but showed a very poor fit for the pseudofirst order model. The intra-particle model also revealed that there are two separate stages in the sorption process, i.e. the external diffusion and the inter-particle diffusion. Thermodynamics parameters such as free energy, enthalpy and entropy were also determined. A laboratory test demonstrated that the modified coal fly ash worked well for the Cd(II) and Pb(II) ion uptake from polluted waters.
INTRODUCTION
Adsorption is probably one of the most attractive, simple and efficient processes, and consequently, it is commonly used in industry (Bedoui et al., 2008; Ferreeiraa et al., 2009; Jiang et al., 2010; RangelPorras et al., 2010) . Although commercially activated carbon, characteristic of high surface areas, porosity and high adsorption capacity can be applied as a potential adsorbent for the removal of heavy metals from industrial wastewater, its use is not recommended because of high operational costs. Thus, there is a growing demand for a low-cost and efficient adsorbent that can be applied to remove heavy metal ions (Ahmaruzzaman, 2010; Cho et al., 2005; Sočo and Kalembkiewicz, 2013) .
In recent decades, a number of different solid adsorbents have been considered for their potential usefulness in reducing heavy metals levels in waterways. Some of the adsorbents included clay minerals like bentonite and its pillared forms, iron oxide, red mud, fly ash, and carbonates (Chitrakar et al., 2005; Jiang et al., 2010) . While they may have various beneficial applications, the use of any of them has similar disadvantages (Maliyekkal et al., 2010; Reddya et al., 2010; Zhenga et al., 2010) .
For example, the performance of iron oxide and red mud in reducing heavy metal concentrations is strongly affected by the solution pH. This has also been demonstrated by other authors (Cho et al., 2005; Debnath and Ghosh, 2009 ). The key disadvantage of these adsorbents, however, is that the cpe.czasopisma.pan.pl; degruyter.com/view/j/cpe adsorbed heavy metals can be re-released when the key solution chemical properties such as pH and redox conditions are changed.
The increasing demand for energy throughout the world has led to an increase in the utilisation of coal and, subsequently, in the production of large quantities of fly ash as a waste product (Ruhl et al., 2010) . The Rzeszów-Załęże heat and power station is one of the largest power plants in South-Eastern Poland that release coal fly ash (Sočo and Kalembkiewicz, 2007; Sočo and Kalembkiewicz, 2009 ).
Fly ash is a by-product of coal combustion, partly in the manufacture of pozzolana cement, filler material for reclamation of low lying areas and as well as in the manufacture of fly ash bricks (Canpolat et al., 2004) .
In the light of the increasing quantity of fly ash, with a growing demand for electrical energy and hence for thermal power plants, the main challenges faced by the researchers and planners have been to solve the various environmental problems that arise due to the unused and surplus quantity of fly ash (Ahmaruzzaman, 2010) .
Although a considerable portion of fly ash is used in industries like construction or soil amendments, there is still a large portion that is directly disposed to the environment. Such disposal is not economic or environmentally sound (Jiao et al., 2011; Seredin and Finkelman, 2008) .
Adsorption is an attractive alternative to removing heavy metals from the effluent by using porous materials such as fly ash or zeolite-like substances (Derkowski et al., 2007; Hsu et al., 2008; Penilla et al., 2006) .
Fly ash is composed of minerals such as quartz, mullite, subordinately hematite and magnetite, carbon, and a prevalent phase of amorphous aluminosilicate Li et al., 2012; Nascimento et al., 2009; Papandreou et al., 2011; Visa et al., 2012) .
These oxides are very effective adsorbents. Hence, fly ash (Ahmaruzzaman, 2010; An and Huang, 2012; Nascimento et al., 2009 ) and its fly ash-derived zeolite (Derkowski et al., 2006; Hsu et al., 2008; Moutsatsou et al., 2006) can be promising candidate materials for removal of heavy metals. The abundance of amorphous aluminosilicate glass, which is the prevalent reactive phase, is what makes fly ash an important source material in the zeolite synthesis. Zeolites are porous materials with a large surface area and cavities of the basket-like frame (Bowman, 2003) . Moreover, hydrated aluminosilicate minerals with a three-dimensional open structure making them very useful for solving the mobility of toxic elements in a number of environmental applications are of interest (Jiang et al., 2010; RangelPorras et al., 2010) . Hence, zeolite has been used for various purposes, e.g., as an adsorbent and ion exchanger in water and wastewater treatment (Scott et al., 2003) .
Although several studies on immobilisation of heavy metals by fly ash have been reported, more information is still required to gain better understanding of the relationship between heavy metal sorption properties of fly ashes and their chemical composition .
Lead and cadmium are the most toxic non-essential heavy metals present in the environment. Lead poisoning in humans causes severe damage to the kidney, nervous system, reproductive system, liver, brain, and may even cause death. Severe exposure to lead has been connected with sterility, abortion, stillbirths and neonatal death (Bedoui et al., 2008 ). Chronic exposure to elevated level of cadmium is known to cause renal dysfunction (Fanconi syndrome), bone degradation (itai-itai syndrome), cancer, hypertension, liver damage and blood damage (Mathialagan and Viraraghavan, 2002; Ferreiraa et al., 2009) .
As for most adsorption processes in the aqueous phase, any variations in the solution chemistry can lead to changes in other equilibria of the adsorption system. These include changes in the chemistry of active sites that are responsible for heavy metal ion adsorption, the net charge on the material surface and the nature of the heavy metal species. For example, with an increase in pH, metal ions are hydroxylated. This work was therefore carried out to gain insights into the heavy metal ion uptake by coal fly ash, by studying its physicochemical properties, adsorption kinetics and equilibrium behaviour. The purpose of this research was twofold: firstly, to investigate the effectiveness of FA in reducing heavy metal ion concentrations, and secondly, to gain an insight into the adsorption mechanism of this chemistry-modified coal fly ash product. Importantly, the effect of pH on the adsorption process of heavy metals by FA and FA-modified was explored, and the key physical and chemical characteristics of the product are described.
EXPERIMENTAL

Apparatus
All reagents were of Fluka or Aldrich analytical grade or of suprapur grade. The elemental composition of the adsorbent and extracts was determined by flame atomic absorption spectroscopy (FAAS; a GBC model of the SavantAA series). Nonmetal (C, N, S) determination in coal fly ash was carried out using the EA 1108 Elemental Analyser (Carbo Erba, Italy). The sample FA was characterised by small-angle X-ray scattering (SAXS) -BRUKER NANOSTAR-U equipped CuKα radiation (λ = 0.15406 nm), employing an operating voltage of 50 kV and an intensity of 600 μA. SEM images were obtained by scanning with the JEOL JSM-5500LV electron microscope. The spectrum determination of a coal fly ash sample was carried out using a Fourier transform infrared spectrometer (FT-IR; ALPHA model from BRUKER). FT-IR spectrum of the sample was recorded using KBr pellet method. A heating system with a programmable increase of temperature from 25 to 450 °C (DK6 model) and a set of reflux condensers finalised to modify coal fly ash (TMD6 model from VELP, Italy) were also used.
Materials
Adsorbent and characterisation
The coal fly ash sample used in this study was supplied by the Rzeszów-Załęże heat and power station located in South-Eastern Poland. The fly ash under study is a residue of coal combustion utalising pulverised coal firing with the furnace exit gas temperature of 1200 °C. The fly ash moisture content was obtained by drying a 10 -15 g sample at 105 °C by 24 h. After drying, the sample was placed in a desiccator for a final mass measurement. The pH of the dispersed adsorbent was obtained by adding 2 g of coal fly ash to 100 mL of deionised water. After mixing the dispersion for 15 -20 min., its pH was measured using a CPI-551 meter.
Spectroscopic measurements (FTIR)
Based on the spectrum obtained from the Fourier transform infrared (FTIR), coal fly ash was analysed as presented in Fig. 1 . An absorption broadband in the range of 3400 cm were observed in the sample. The band at 3400 cm -1 was appropriate of ν O-H stretching vibrations. This indicates the presence of both free and hydrogen bonded OH groups on the adsorbent surface. The spectrum was recorded in air atmosphere and the clear-cut interpretation of this band was difficult because it could be derived from -OH groups, chemically bounded with the surface of fly ash, as well as from H-O-H stretching ), was not clear due to its structural complexity but it was found that the band originated from oxide compounds of fly ash derivatives. These compounds influence symmetry of the condensed aromatic rings system, therefore the C=C bond is active in infrared spectra and reveals absorbance at 1600 cm -1
. The IR spectra of the adsorbent indicated weak and broad peaks in the region of 1600-1800 cm -1 corresponding to the CO group stretching from aldehydes to ketones. The presence of the band at 1600 cm -1 may be due to conjugated hydrocarbon bonded carbonyl groups. The 1360 -1420 cm -1 band in FA may be attributed to the aromatic CH and carboxyl-carbonate structures. The most intense band in the spectrum of coal fly ash is at 1100 cm -1 and can be attributed to the stretching vibrations of the bonds in C-O (ν C-O ) carboxylic, phenolic, etheral groups. The FTIR spectra showed transmittance at 1100 cm -1 due to the vibration of the CO group in lactones.
Moreover, the asymmetrical stretching of the TO 4 (SiO 4 or AlO 4 ) band (broad-strong) corresponds to the variation in frequency ranging from 1100 to 1010 cm -1
. The double ring of the secondary building unit (SBU) is observed to be present in FA zeolite structure, corresponding to the infrared frequency equal to 570 cm . Hence, it can be opined that fly ash contains quartz structures. Based on the FTIR spectrum, it can be seen that there are pore openings corresponding to the frequency range of 450 to 400 cm -1 in FA which can be attributed to the dissolution of the minerals (viz., quartz and mullite) present in fly ash (Kantiranis et al., 2006) . The surface functional groups resulting from IR spectra and the broad bands provide information on the nature of surface oxides. The presence of polar groups on the surface is likely to give considerable cation exchange capacity to the adsorbents. The surface structures of carbon-oxygen (functional groups) are by far the most important elements that influence the surface characteristics and behaviour of coal fly ash. 
The pore size distribution plot of coal FA
A scanning electron microscope was used to characterise the morphology of fly ash consisting of cenospheres ( Fig. 2a) and plenospheres ( Fig. 2b ) of different sizes. An idealised structure of FA in shown in Fig. 3 . The size of fly ash particles was determined by SAXS. The plot of pore size distribution demonstrated that the majority of pores had a diameter of approximately 28.7 Å (Fig. 4) . This indicates that water should be able to diffuse into the structure of the material reasonably well. This fact, together with the relatively small particle size, helped to maximise the exposure of the adsorption sites that participated in the capture of metal ions. 
Methods
Modification of coal fly ash
The sample of coal fly ash was chemically modified by a solution of 2 mol·L solution of Na 2 edta at a solution to fly ash mass ratio of 10:1 by weight. An adsorbent sample of 20 g mass was placed into a rounded-bottom flask closed with a reflux condenser and was added to a 200 mL solution. The fly ash suspension was then mixed for 6 hours at 100 °C.
After the modification, the adsorbent was decanted and repeatedly distilled in a water bath to obtain the filtrate pH equal to the distilled water pH, and was dried in an electric dryer at a temperature of 105 °C for 24 hours. All laboratory experiments were performed using the adsorbent as received.
Adsorption of Cd(II) and Pb(II) ions on coal fly ash
The experiments involving the adsorption with Cd(II) and Pb(II) ions onto modified coal fly ash were conducted by the batch method, which allows for the complete evaluation of the parameters influencing the process of adsorption. In this method, a series of 100 mL glass flasks was filled with a 50 mL metal ion solution of varying concentrations (10-500 mg·L -1 ). Then, 0.5 g of primary-FA/modified-FA nanoparticles were added to each flask and subjected to agitation until equilibrium was attained. The resultant solutions were centrifuged and the supernatant liquids were subjected to the determination of Cd(II) and Pb(II) ions.
The metal ion concentration was analysed by FAAS method. The concentration of metal ions remaining in the solution was calculated by taking the difference of initial and final metal ion concentrations. The adsorbate content in coal fly ash at the adsorption equilibrium C s (in mg·g ) being the initial and equilibrium metal ion concentrations in the solution, V 0 (in L) the solution volume and m (in g) the amount of the dry adsorbent used (Kıpçak and Isıyel, 2015) .
The effect of pH on the extent of metal ion adsorption was investigated by varying the pH in the range of 2-12 for the metal ion concentration of 50 mg·L -1
. All other experiments were conducted at pH 9 unless otherwise mentioned. The adsorption kinetic experiments were conducted at room temperature using 50 mg·L -1 of metal ion solutions and 0.5 g of dry FA. The effect of temperature on the degree of adsorption of metal ions on FA was also evaluated for the same concentration of metal ions.
The adsorption isotherms were obtained by adding the modified fly ash (0.5 g) to 50 mL of different concentrations of the metal ion solution (10-500 mg·L -1 ), using Analytical-Reagent Grade salts (AR Grade salts). All samples were placed in an ELPIN-PLUS shaker (type 358 A) at the desired temperature for 2 h. Following this period, some samples were removed from each bottle and filtered, while the heavy metal concentration was analysed by FAAS method in accordance to the standard solution.
The effect of pH on adsorption behaviour was obtained by adjusting the pH of the initial heavy metal solution to the desired pH, using either a 0.1 mol·L The adsorption kinetic experiments were conducted at room temperature using 0.5 g of modified fly ash and 50 mL metal ion solution having a concentration of 50 mg·L -1 . The solution was mixed at 180 rpm. The rate of heavy metal uptake was then measured by taking samples at various time intervals for five hours.
The effect of temperature on the degree of adsorption of metal ions on modified fly ash was also evaluated for the above-mentioned concentration of metal ion. The uptake rate was determined at 293, 308, 318 and 333 K using deionised water that was adjusted to pH 9. The adsorption set was constructed to allow for the continuous measurement of pH during the mixing phase in the thermostatic system. 
Effect of initial metal ion concentration
The adsorption capacity is dependent on the initial metal ion concentration. The dependence of adsorption capacity of FA on initial concentration of Pb(II) ion at 20 ± 2 °C is shown in Fig. 5 . As seen from Fig. 5 , the equilibrium uptake increased with an increase in the initial metal ion concentration in the range of the concentrations under study. The higher adsorption capacity connected with the increased initial metal ion concentration is a result of the increase in driving force due to the concentration gradient developed between the bulk solution and the FA surface. Therefore, the values of C s increased with the increase of initial metal ion concentrations C 0 .
The heavy metal sorption is attributed to different mechanisms of ion-exchange processes as well as to the adsorption process. During the possible ion exchange process in the beginning, metal ions may move through the pores of FA mass. Secondly, they may replace exchangeable cations, mainly surface hydroxyl groups. The replacement of the surface hydroxyl groups of FA was supported by the experimental results. 
Effect of pH
One of the most important factors that affect the adsorption of metal ions is the pH of the solution. The pH affects both the adsorbent and adsorbate chemistry in a solution. It was observed from Fig. 6 that the percentage of adsorption of metal ions increased with increase in the solution pH for two metal ions studied. The effect of solution pH on adsorption could be explained by considering the surface charge of FA and the degree of sorbent speciation. Understanding the sorption of metal ions from aqueous solutions on oxides requires knowledge of the chemistry of the oxide/water interface. At acidic pH, the adsorbent surface, the hydrous oxide (MOH) surface will be completely covered by H (Figs. 7 and 8) . It is well known that lead hydroxide has amphoteric properties. Thus, it appears that as soon as precipitation begins, the adsorption process occurring at the FA surface is overshadowed. Hence, the adsorption observed at pH 6 -9 is due to the combined process of adsorption (CdOH + , PbOH + ) and precipitation (Cd(OH) 2 , Pb(OH) 2 ) of metal ions, or at pH > 9, it is also due to the combined process of precipitation (Cd(OH) 2 , Pb(OH) 2 ) and adsorption (Pb(OH) 4 2-) of metal ions. In case of Pb(II) ions, it can be seen from Figure 6 that, once the maximum is reached, the percentage adsorption decreases. This trend is attributed to the solubility of formed Pb(OH) 2 and Pb(OH) 4 2-at higher pH, whereas, in the case of Cd(II), the percentage adsorption is continued. At lower pH < 3.0, the dissolution of FA may occur and hence, the optimum pH of 9 was selected for the adsorption of Cd(II) and Pb(II) onto FA. The equilibrium adsorption capacity of FA changed within the pH range of 5-7 (Fig. 6 ) and decreased in solutions with lower pH values. At pH = 2, C ∞ , it was reduced by 30%, compared with the value at pH 7.
The heavy metal sorption is attributed to different mechanisms of ion-exchange processes as well as to the adsorption process. During the possible ion exchange process, metal ions may in the beginning move through the pores of FA mass. Secondly, they may replace exchangeable cations, mainly surface hydroxyl groups. The replacement of the surface hydroxyl groups of FA was supported by the experimental results.
It was observed that the measured pH was lesser after the equilibration (Fig. 6 ) compared to that of the initial pH of the solution (Table 1) , and hence it was concluded that the adsorption of Cd(II) and Pb(II) onto FA was an ion exchange between the metal cations and the surface protons. 
Kinetic studies
The influence of mixing time (contact time) on the amount of metal ion remains in the solution after the adsorption by FA was studied on the solution containing 50 mg·L -1 of Cd(II) and Pb(II) ions in the range of 15 minutes to 5 hours at room temperature (20 ± 2°C). It can be seen from Fig. 9 that the amount of Cd(II) and Pb(II) ions remaining in the solution after the adsorption by FA decreased sharply with contact time until the equilibrium was attained. That is the process of adsorption increasing with an increase in contact time until the establishment of equilibrium between the metal ions adsorbed on the surface of FA and those present in the solution. Once the equilibrium was reached, there were no significance changes in metal ion concentrations. The adsorption took place more rapidly in the initial stages and gradually slowed down as it reached the equilibrium state. This behaviour is quite common due to the saturation of the available surface active sites. The metal ion concentration decreased faster within the first 1 h and would decrease to a very low level after 2 hours. The experiments revealed that the equilibrium was reached within 2 hours for both metal ions and after that, saturation could be expected to occur. However, as can be seen from Figure 9 , the rate of adsorption of Pb(II) onto FA surface was faster than that for Cd(II) ions. In order to investigate the mechanism and to determine the rate controlling the step of adsorption of Cd(II) and Pb(II) ions, kinetic models were used. The rate constants were calculated using pseudo-firstorder and pseudo-second-order kinetic models, whereas the rate controlling step was determined using the intra-particle diffusion model. Table 2 presents the values of these parameters.
The pseudo-first-order model generally can be expressed as follows (Lagergren, 1898) :
The values of k 1 were calculated from the slope of the linear plot of ln(C 0 -C s ) versus t. The pseudosecond-order rate model can be determined from the plot of 1/(C 0 -C s ) versus t using the following formula (Ho and McKay, 1998) :
The initial rate of adsorption can be calculated using the following formula:
The values of the coefficient of determination R 2 in the pseudo-first-order model not reported in Table 2 , were inferior (R 2 < 0.6) to those of the pseudo-second-order model, indicating that the pseudosecond-order model is better obeyed than the pseudo-first-order one (Fig. 10 ).
As part of the kinetic data analysis, it is essential to assess whether the observed data were affected by the diffusion of metal ions into the pore structure of the adsorbent. The rate-limiting step (slowest step of the reaction) may be either the boundary layer (film) or the intra-particle (pore) diffusion of solute on the solid surface from bulk of the solution in a batch process. The model is given as follows (Weber and Morris, 1963) :
The values of k i1 and k i2 were computed from the slope of each plot. The value for k i1 was about hundred times greater than that for k i2 , suggesting that the boundary layer (film) diffusion controlled the process of adsorption. with a zero intercept was found in both cases, suggesting that the internal diffusion step dominated the adsorption process before the equilibrium was reached. Multi linear plots of C s versus t 1/2 are presented in Fig. 11 . The sharp first linear portion is due to the boundary layer (film) diffusion, and the second linear one is for the pore diffusion. The b value for Pb(II) is greater than that for Cd(II) ions, which indicates the greater effect of the boundary layer on the adsorption process of Pb(II).
The Elovich equation, which is applied to heterogeneous surfaces (Chien and Clayton, 1980) , was also used for better description of the chemisorption process. It is generally expressed by
A plot of C s versus lnt gives a linear trace with a slope of 1/ and an intercept of 1/ ln. Linear plots with reasonable R 2 values indicate agreement with chemisorption processes contributing significantly to adsorption rates. However, experimental data again showed better agreement with the pseudo-secondorder kinetic model ( Table 2 ).
The initial adsorption rate h (Eq. 9), when t → 0, can be calculated using the following formula:
The initial rates of adsorption calculated from the pseudo-second-order rate equation for Cd(II) and Pb(II) were 270 and 87.5 [mg·g
] respectively, indicating the higher adsorption rate of Cd(II) compared to Pb(II) ion on FA.
Equilibrium studies
Isotherms are equilibrium relations between the concentration of adsorbate on the solid phase and its concentration in the liquid phase. Isotherms can be used to obtain the maximum adsorption capacity. Such data provides information on the capacity of the sorbent or the amount required to remove a unit mass of pollutant under system conditions. The data has been subjected to different adsorption isotherms. The Langmuir and Freundlich models are the most common isotherms describing the solidliquid adsorption system. The adsorption parameters obtained from both models are given in Table 3. Langmuir isotherm is often used to describe adsorption of solute from liquid solutions and this model assumes monolayer adsorption onto a homogeneous surface with a finite number of identical sites and expressed by the following equation (Langmuir, 1918) :
Characteristic constants of Langmuir equation; K L related to affinity of the binding sites, C ∞ Langmuir isotherm constant can be determined from the linearised form:
The Freundlich isotherm is an empirical equation employed to describe heterogeneous systems. The Freundlich equation is expressed by (Freundlich, 1906) :
The logarithmic (linearized) form of the Freundlich model is given by the following equation:
cpe.czasopisma.pan.pl; degruyter.com/view/j/cpe From the data it was concluded that the experimental values fitted well into the Langmuir isotherm model (Fig. 12) with high regression coefficients compared to the Freundlich isotherm model (Fig. 13) , thus indicating the monolayer adsorption of Cd(II) and Pb(II) ions on the adsorbent surface. To a lesser extent, the equilibrium data was also well described with the Freundlich model, probably due to the true heterogeneous nature of surface sites involved in the process of adsorption. As a result of the scattering of low C aq data, the Langmuir equation was best used to provide an indication of the equilibrium adsorption capacities rather than the prediction of C s , when it was lower than the equilibrium value, even though the R 2 values were high. In order to know the feasibility of the isotherm, the essential features of Langmuir model can be expressed in terms of the separation factor or the equilibrium parameter R L , which is defined by (Weber and Chakravorti, 1974) :
Results showed that the sorption of Pb(II) on FA increased as the initial metal ion concentration increased from 10 to 500 mg/L, indicating that the adsorption is even favourable to higher metal ion concentrations that have been investigated. The R L values for Pb(II) were in the range of 0.967 to 0.724 for the initial concentration of metal ions (10-500 mg/L). This parameter (0 < R L < 1) indicated that the FA is a suitable adsorbent for the adsorption of Cd(II) and Pb(II) ions from aqueous solutions.
The results obtained on the adsorption of Cd(II) and Pb(II) ions were analysed using the well-known models given by Brunauer, Emmett and Teller (Brunauer et al., 1938) . The BET equation is not appropriate for the adsorbent-adsorbate systems. From the data it was concluded that the experimental values fitted well into the Langmuir isotherm model with high regression coefficients compared to the Freundlich isotherm model, thus indicating the monolayer adsorption of Cd(II) and Pb(II) ions onto FA.
Selectivity of FA/modified-FA towards metal ions
The adsorption capacity of FA/modified-FA towards metal ions under study is found to be in the order Pb(II) > Cd(II). The selectivity sequence of metal is generally explained on the basis of properties of metal ions such as ionic radii, atomic weight, softness, electronegativity and hydrolysis constants of metal cations. This selectivity sequence may be explained on the basis of the first hydrolysis constant values for these metal ions. The hydrolysed metal ion (MOH + ) is more strongly sorbed than free metal cations. This can be attributed to the fact that metal ions present in the solution may diffuse to the surface sites slowly or rapidly, although the diffusion might be retarded when metal ions are hydrated. The preferential uptake of Pb(II) ions by FA is assigned to its lowest hydrolysis pH. The uptake of Cd(II) ions is lower compared to Pb(II) ions because of its higher pH values, at which the Cd(II) ion hydrolysis begins to occur. It could be explained by considering the hydrated ionic radii of cations; Pb 2+ (4.01 Å) and Cd 2+ (4.26 Å) - (Kielland, 1937) .
Since Pb(II) ions have the smallest hydrated ionic radii, it is possible that with fewer weakly bonded water molecules they tend to move faster to the potential adsorption sites on FA/modified-FA, compared to the cations with higher hydrated ionic radii. This trend could also be accounted for by considering electronegativity. The electronegativity of ions can also play a role in the selectivity of adsorbent towards different heavy metal ions. Since Pb(II) has got the highest electronegativity (1.8), its tendency to react with potential adsorption sites is greater compared to the other metal ions studied.
Thermodynamics studies
The experimental result showed that the adsorption capacity decreases with a drop in the solution temperature (Fig 14) . The decrease in the adsorption rate with the temperature drop may be attributed to the weakening of the adsorptive forces between the active sites of the adsorbents, the adsorbate species and the adjacent molecules of the adsorbed phases.
The variation in the extent of adsorption with respect to temperature has been explained on the basis of thermodynamic parameters, like the change in enthalpy ΔH 0 , the change in entropy ΔS 0 and the change in Gibb's free energy ΔG 0 , were determined using the following Eqs. (17), (18) and (19):
The activation energy E a can be calculated using the slope and intercept of the Arrhenius plot of lnK L versus 1/T (Fig. 15) .
Determination of E a for Pb(II) and Cd(II) ions was calculated to be 31.6 and 38.5 kJ·mol 
CONCLUSIONS
The results show that NaOH-treated fly ash (FA-NaOH) is a more effective adsorbent than HCl-treated fly ash (FA-HCl) or untreated fly ash (FA). The pH of the solution, the initial metal ion concentration, the time and temperature are found to play a crucial role in the process of adsorption of Pb(II) and Cd(II) ions onto the FA/modified-FA. Results suggest that treating fly ash with an alkaline solution was a promising way to enhance the inhibition of heavy metal mobility. The Langmuir and Freundlich isotherms were used to fit the experimental equilibrium data. Both isotherms provide accurate representation over the range of experimental conditions, though the Langmuir model performs slightly better with high regression coefficients. The maximum monolayer adsorption capacity of the FA-NaOH was unaffected at 333 K, 2 hours and pH 9, but decreased at lower pHs, and was found to be 205 and 312 mg·g -1
for Cd(II) and Pb(II) ions respectively. Kinetic studies demonstrated that the mechanism for adsorption of metal ions followed the pseudo-second-order rate model, providing the best fit for the experimental data. The intra-particle diffusion model suggested that the initial adsorption rate was controlled by the film diffusion, which was followed by the pore diffusion or the external mass transfer effects. The thermodynamic calculations (heat of adsorption -ΔH 0 ) suggested that the adsorption of Cd(II) and Pb(II) ions onto FA-NaOH is the endothermic nature of the process, whereas the low values cpe.czasopisma.pan.pl; degruyter.com/view/j/cpe of free energy (ΔG 0 ) indicated the spontaneity of the process. The equilibrium experiments show that the selectivity of FA and FA-NaOH towards Pb(II) ions is higher than that of Cd(II) ions, which is related to their hydrated ionic radius and the first hydrolysis equilibrium constant. The competitive adsorption experiment indicated that FA and FA-NaOH had a stronger affinity to Pb(II) than to Cd(II) ion. Based on the adsorption capacity obtained, a conclusion can be made that FA-NaOH can be used to treat wastewaters containing heavy metal ions. 
